Sumnary
The effect of crystallographic orientation on the 70°F to ZOOO'F physical and mechanical properties of <OOl>, <Oil>, <112>, and <111> oriented investment cast dendritic single crystal Ni-6.8Al-13.8Mo-6W alloy has been investigated.
As expected for a cubic crystal, the thermal expansion coefficient is invariant with orientation and Young's Modulus is highest in the <ill> and lowest in the <OOl> direction.
The 70°F tensile properties of the material are anisotropic, with highest ultimate and yield strength in the <111> orientation and greatest ductility in the <Oil> orientation; whereas, tensile strength is essentially isotropic at 1800°F and 2000'F. The 1800°F and 2000°F creep-rupture properties of the alloy exhibit significant anisotropic behavior. Rupture life is nine times higher at 1800°F/36 ksi and sixteen times higher at 2OOO"F/20 ksi in the <ill> orientation than in the <OOl> orientation.
1800°F axial strain-controlled low cycle fatigue life correlates well with simple parameters related to Young's Modulus.
Introduction
The use of nickel-base superalloy single crystals (SC) as gas turbine engine hot section components has progressed fram a highly innovative concept during the 1960's (l-3) to an engineering reality in modern cananercial engines (4-S).
'Ihe production material in use by Pratt & Whitney Aircraft, Alloy 454, contains significant levels of chromium, aluminum, and tantalum, which produces approximately 65 vol. pet. garana prime and is vacuum investment cast with an <OOl> spanwise airfoil crystallographic orientation, which imparts excellent thermal fatigue and creep-rupture resistance (4).
Recognizing that superalloy single crystals are anisotropic (1,5,6), and substantial strength levels can be achieved in alloys that contain high levels of gamna prime and refractory alloying elements, particularly molybdenum (7-lo), a program was initiated during early 1979 to investigate the foundry producibility of SC articles having various controlled orientations.
This work characterized the directional dependence of the physical and mechanical properties.
Superalloy crystallographic orientation effects are of interest because turbine ccmponents operate in a complex state of stress.
Ni-6.8Al-13.8Mo-6W alloy (herein coded SC 7-14-6) was selected for the work since it exhibits the constitutional features mentioned above, and apart from considerations of uncoated environmental resistance, appeared to represent a good model system for study.
Technical Approach ?tEJo five hundred pound heats of SC 7-14-6 were vacuum induction melted using high purity raw materials.
'Ihe melts exhibited similar chemical compositions, Table I . A variety of SC articles, including 0.6" dia. x 6" bars, 0.5" x 4" x 6" plates, and complex cored (air cooled) turbine ccmponents, were directionally-solidified in Mono-Shell'@ investment molds at the Austenal Dover and Misco Whitehall Divisions of Howmet. The desired <OOl>, <113>, <Oil>, <112>, and <ill> primary and secondary crystallographic directions were achieved by positioning parent metal seed crystals of predetermined orientations in the mold immediately below the article cavity (11) . All material was subjected to normal X-ray, fluorescent penetrant, and grain-etch inspections to assess general quality and to confirm the absence of high angle boundaries.
'l%e crystallographic orientation of each SC article was determined by Laue back reflection X-ray diffraction techniques.
Instrumented bars of each heat were exposed in a thermal gradient furnace (1400°F to 2500°F) and metallographically examined to determine solvus and incipient melting temperatures. Except for melting temperature determinations, measurements of this kind generally are repeatable to within +5'F and accurate to within +lO"F. Based on the results, the articles were ?olution treated at 2350°F/4h in vacuum and inert gas cooled at a rate equivalent to air cooling. Nearly all the test material then was subjected to a 1975OF/4h/AC simulated coating cycle and a 1600°F/32h/AC age. Samples of as-cast and heat treated material were characterized using optical and electron optical (SEM/EDA and TEM) techniques and a limited amount of differential thermal analysis (DTA). X-ray diffraction of lO%HCl/methanol extractions and properly oriented polished samples was employed respectively to identify microstructural constituents and to measure the y and y' lattice parameters.
Alloy density was determined by weight change upon water imnersion (AS'M C373).
The thermal expansion coefficient and the dynamic Young's and shear moduli of <OOl>, <Oil>, and <ill> oriented SC 7-14-6 were measured over the temperature range from 70°F to 2000'F.
The former was obtained using 0.250" dia. x 2" pins by dilatcmetric methods (ASTM E228-71) and the latter were determined using 0.50" x 0.10" x 2.5" samples employing sonic resonance technigues(l2).
The elastic constants of the material then were calculated using E <OOl>, E <ill>, and G <OOl> (13).
Triplicate tensile tests at 70°F, 1400°F, 1800"F, and 2000"F, and constant load creep-rupture evaluations at 1400"F/100 ksi, 18OO"F/36 ksi and 2000°F/20 ksi, of <OOl>, <Oil>, <112> and <ill> oriented material were conducted in air using 0.250" dia. specimens.
The rupture data, which included test durations of up to 800 hrs at 1800"F, were correlated using the Larson-Miller parameter with C=20. Axial strain-controlled 1800°F isothermal low cycle fatigue (LCF) testing of <OOl>, <113>, <Oil>, <112>, and <ill> oriented material was performed in air using 0.200" dia. x 0.700" gauge length specimens employing an A ratio of 1.0 and a Haversine wave form (0.33Hz).
The LCF evaluations were conducted using an MTS Model 810 closed loop servohydraulic testing machine with a 20,000 lb load frame employing induction heated specimens.
Temperature was controlled using Type K thermocouples spot welded to both shoulders of the specimen and monitored continually in the gauge section using an Ircon G series optical pyrcmeter. Linear regression analyses of the LCF test population were performed in an effort to correlate fatigue life with simple parameters.
Representative failed mechanical property test specimens were examined using optical metallographic and SEM techniques. It should be noted that the tensile and creep-rupture evaluations were approximately split between the two heats; whereas, almost all of the LCF tests were conducted using Heat B.
Results and Discussion
As expected, the cast articles generally were high quality dendritic single crystals exhibiting crystallographic orientations that usually were within +5" and almost invariably were within +lO" of the seed crystal axis. 'Ihe allzy demonstrates excellent castabilityfrom the standpoints of foundry ceramic material (e.g., mold and core) compatibility and overall metallurgical integrity.
Microstructural Characterization
As cast SC 7-14-6 contains a dispersion of y' (&.5vm) in a y matrix The presence of minor amounts ofa-MO in Ni-Mo alloys has been observed by Maxwell (14) . The selected 2350°F (4h) solution treatment temperature produces a high degree of homogeneity, dissolves substantially all the y' in the as-cast material while avoiding incipient melting, but is insufficient to eliminate thea-Mo phase, Table II This represents a mismatch of -0.89% and TFM examination revealed the presence of extensive y-y' interfacial dislocation arrays. In addition, both as-cast and fully heat treated material have dispersed throughout the y matrix an extremely fine precipitate which appears to be a NixMo compound. In addition, the IXA traces reveal an exothermic peak at approximately 1520OF. These tentative findings appear to agree with the work of Pearson et. al. (101, who discovered extensive NixMo precipitation within the y phase of a SC (wt. pet.) alloy and found that the phase goes into solution at about 1500°F. The dynamic Young's Modulus of SC 7-14-6 is highest in the <ill> direction (41.3 x lo6 psi at 70°F) and lowest in the <OOl> direction (19.1 x 106 psi at 70°F), Figure 2 . It is interesting to note that although SC 7-14-6 and pure Ni single crystals (17) exhibit similar elastic anisotropy coefficients, 2C44/(C l-C12) (2.55 vs. 2.63 at 70°F), in SC 7-14-6 C44 is higher than Cl2 , Tab e i IV.
Although these results have not been confirmed, it should be noted that they are internally consistent, in that measured values of E <Oil> agree well with values calculated from the independent measurements E <OOl>, G <OOl>, and E <ill>. No heat-toheat effect on tensile or creep-rupture properties was observed.
--- Creep-Rupture Properties SC 7-14-6 demonstrates a substantial degree of creep-rupture anisotropy at 1800'F and 2000°F, Figure 4 . The <ill> orientation consistently demonstrates the greatest rupture life and creep strength with usually the lowest ductility of the orientations tested. At 1800°F/36 ksi, the rupture life is a factor of nine greater (523h vs. 58h) and the time to 1% creep is a factor of forty-one greater (249h vs. 6h) than in the <OOl> orientation. At 2000°F/20 ksi, the respective advantages are a factor of sixteen (450h vs. 28h) and a factor of one hundred (402h vs. 4h), Table V. The reason for this unexpected level of anisotropy has not been established, but studies in progress indicate that it occurs in other alloys which have very high levels of molybdenum, tungsten , and aluminum (gamna prime). It is also interesting to note that the <Oil> orientation is weaker than the <OOl> orientation at 1400OF (and in 70°F and 1400°F tension), but is stronger than the <OOl> orientation at 1800OF and 2000°F, Figure 5 . All the <Oil> oriented creep-rupture specimens demonstrate evidence of lattice rotation, Figure 6 .
Microstructural examination of the gage sections of failed creeprupture test specimens revealed that at scme time before 50 hrs under stress at 1800°F, the y' beccmes continuous in three dimensions, Figure 1C . This behavior contrasts with the y' rafting effect which has been reported for other high misfit y/y' <OOl> oriented single crystal alloys (8-10). 
Low Cycle Fatigue Properties
The axial strain controlled (A=l) LCF life of SC 7-14-6 is highest in the <OOl> direction, decreases with increasing Young's Modulus in a given direction, and is lowest in the <111> direction, Figure 7 . All of the samples demonstrate some degree of dynamic stress-strain curve hysteresis and the amount of plastic strain increases with increasing modulus at a given total strain range, Figure 8 .
'&e cyclic plastic strain range, however, usually is less than 5% of the total strain range under all conditions evaluated, Tab .e VI. Fatigue life was correlated with: 1) 0 the maximum tensile stress during test (23); 2) ETE<hkl>, the pro uct of Young's Modulus (at 3' 1800"F) and the total strain range (24); and 3) the Neuber parameter J aM+E<hkl>(25).
The fatigue life of the material is well described by either of the parameters which pertain to material modulus, Table VII, and  is adequately characterized by ETE<hkl>, Figure 9 . 
